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Abstract
A three-dimensional model of a one-story residential home, with an emphasis on the roof style and
structure, was modeled using CATIA and then built and tested in the wind tunnel at Western
Michigan University. The wind tunnel allowed an airflow over different style roofs to be tested at
100 mile per hour winds, strengths typical for hurricanes and other natural phenomena. The
measured results show the lift and drag, along with the pressure gradient and the skin friction over
the roofs. The effect of these aerodynamic characteristics of the building due to adding solar panel
prototypes were also evaluated. The results would have been presented here and will be applied to
guidelines and building codes. Future work and continued research are recommended due to the
unexpected circumstances from the Covid-19 pandemic.
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1. Introduction
With the patterns of weather changing, strong winds are formed more frequently than ever before
while causing significant damages to homes, and in worst cases, leading to loss of lives. This
project focuses on conducting wind tunnel testing to replicate sustained winds on a residential
building. An emphasis is made on the roof which is an important element in the structure of a
home.
As there has been a recent trend to expand the number of functions of a traditional roof, the use of
roofs for solar thermal and/or solar energy has increased drastically in the last decade. Based on
that, wind tunnel testing is conducted for a roof with solar panels attached in addition to a standard
roof structure. The following paper presents the background, experimental set-up, and analysis of
aerodynamic testing of wind loads on a residential building, specifically a home that interacts with
strong wind forces.
1.1 The Need
Several families have experienced serious injuries and/or loss of lives when their roof collapsed
during a storm with strong winds. Due to the impact of global warming, hurricane force winds are
becoming more frequent across North America, Europe, and Asia. Many families’ lives are being
turned upside down because the hurricanes are destroying their homes. Usually the first thing to
break down on a home is the roof. The roof is higher up and is more subjected to the wind loading
from the storms and are more likely to fly off or the shingles will fall apart. As the main emphasis
of the project is to test the safety of someone’s potential home, the model needs to be representative
of a realistic residential building.

Click here to enter text.
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1.2 Background Research
Literature review needed to be conducted to receive a solid understanding of the frequency and
magnitude of hurricanes, residential building dimensions and requirements, and solar panel use
and regulations. Additionally, significant background knowledge and guidance was received
through communicating with a civil engineering expert.
Most of the background research was conducted in regard to the solar panel sizing and its tilt.
Depending on the season of the year and the latitude of the location, the tilting angle of solar panels
can be found by adding 15 degrees to the location latitude in winter and subtracting 15 degrees
from the location latitude in the summer.
1.3 Objectives
Roofs collapsing due to hurricane force winds is a unique problem because hurricanes are a
regional issue. Houses in hurricane zones need to be able to withstand the force of the winds and
the amount of flooding that it will encounter. The objective of the project was to test a flat roof, as
the control model, in the wind tunnel at hurricane force speeds. The tests will determine the lift,
drag, and pressure gradient of the residential building along with a skin friction analysis. Pressure
transducers and Arduino boards were used and programmed with the software LabVIEW to
measure the values mentioned above. A flat roof with solar panels will also be tested using the
same procedure as the control roof. The results of the two cases will then be compared to study
the effects that rooftop structures have on the flow over a building.

Click here to enter text.
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2. Approach
2.1 Design Criteria
The model design is representative of a one-story, residential building with a flat roof at a 1:24
scale. The model additionally has a secondary roof with four rows of 3D printed solar panels to be
attached during testing. Both the building material and solar panels have smooth surfaces to ensure
accurate results in the wind tunnel.
2.1.1 Constraints
For the model to be representative of a full-sized building, it must adhere to general
building codes and dimensions. The size of the wind tunnel is also a limiting factor in the
building size. The blockage ratio, defined by the cross-sectional area of the model divided
by that of the wind tunnel test section, must be 10% or less.
2.1.2 Scope and Limitations
The project is limited by the amount of funding received. A budget has been set for the
minimal amount of supplies that will need to be purchased. Another limitation of the wind
tunnel is the maximum speed of the flow velocity. Hurricane force winds range from 74 to
156 miles per hour [1]. This flow regime is unrealistic to recreate given the size of the
model and wind tunnel. The maximum speed the wind tunnel can reach is 163.636 miles
per hour. Lastly, time is a limitation of this project. A limited number of models can be
built during the project period. Also, only a limited number of tests can be performed at
the wind tunnel due to supervision and scheduling conflicts.

Click here to enter text.
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2.1.3 Assumptions
One assumption that will be made in the wind tunnel, is that the air flow will be perfectly
in the center of the tunnel, and therefore in the center of the model. This will impact the
skin friction testing. Second, the air is assumed to be incompressible, meaning the density
is constant. The flow is considered incompressible at speeds under 220 miles per hour [2].
Due to this, a steady flow is also simulated. Another assumption is made during the
calculations. A drag coefficient for a cube on the ground was used because a coefficient
for drag of a residential building is not fully documented. This value was found to be
approximately 1.05 [3].
Values used in initial estimations were obtained using standard atmospheric data [4] at the
elevation of Kalamazoo, MI and the average temperature at that elevation. The values used
can be found in the following table.
Table 1: Standard Atmosphere Values
Elevation (Kalamazoo, MI)
Temperature, T
Atmospheric Pressure, p_atm
Density,
Dynamic viscosity, µ

~1000 ft
~55 °F (~515 °R)
2.0409e+3 lb/ft2
2.3081e-3 slug/ft3
~ 0.3713e-6 lbf*s/ft2

The Reynold’s number for the full-scale building was then calculated using the building’s
characteristic length (20 ft) and the values in Table 1. For a hurricane force wind speed (~75 mph),
the Reynold’s number is on the order of 10-15 million. Given the size of the wind tunnel and the
model size, this flow regime is unobtainable. It was decided to run all tests at a constant speed of
100 MPH. This speed will still simulate a moderate sustained wind on a full-scale building and
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will give insight on the impact of rooftop structures on the flow around a building. The Reynold’s
number of the flow regime just described is on the order of 50-100 thousand.
2.2 Specifications
The model and all attachments must be built strong enough to withstand the force imparted on it
in the wind tunnel. For this reason, it was necessary to estimate the pressure it will face as well as
the drag force.
2.2.1 Aerodynamic Forces
The dynamic pressure, q, was determined using the flow velocity and the density.
Calculations can be found in Appendix A. The drag force was estimated using two different
methods. The first method used the definition of pressure (force divided by area) and used
the cross-sectional area multiplied by the dynamic pressure. The second method used the
drag coefficient of a cube on the ground stated in section 2.1.3, Assumptions. These two
values agreed within a reasonable margin and are found in Table 2 below. Equations used
are found in Appendix A.
Table 2: Force Estimates
Wind Speed, v
Dynamic Pressure, q
Drag Force, D (method 1)
Drag Force, D (method 2)

100 MPH (~147 ft/s)
24.94 lb/ft2
8.66 lb
9.09 lb

Click here to enter text.
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3. The Design
3.1 Concept
A standard-sized residential building of dimensions 20 ft x 20 ft x 10 ft was chosen as a guideline
for this design. As the dimensions of the wind tunnel are 32 inches in height and 25 inches in
width, an appropriate scaling needed to be applied to the model. After applying a scaling factor of
1:24, the size of the model was determined to be 10 in x 10 in x 5 in with a material thickness of
0.75 in. Before physically constructing the building, the software CATIA was used to model the
building to ensure appropriate dimensions which can be seen in Figure 1.

Figure 1: CATIA Building Model
Additionally, solar panels were designed in accordance to appropriate regulations. The solar panels
must be compatible with the building dimensions; otherwise, if the solar panels are too large, the
wind flow patterns will not be realistic. Real-life dimensions of a solar panel placed on a residential
home were determined to be 65 in x 39 in based on background research [5]. A scaling factor of
1:24 was applied to those real-life dimensions and resulted in solar panel model dimensions of
8.125 in x 1.625 in.

Click here to enter text.
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Four solar panel rows were determined to be sufficient for a residential building while creating
appropriate spacing between each row. A solar panel with fixtures was first designed with the
software CATIA which can be seen in Figure 1 below. Afterwards, the solar panel models were
developed with a 3D printer.

Figure 2: CATIA Solar Panel Model
3.2 Roof Styles
3.2.1 Flat roof
The first roof style chosen for this project was a traditional flat roof. The model was
developed during the initial design of the building model which can be seen in Figure 1.
The flat roof consists of a roof structure without obstacles, geometrical indentations or
lumps. After developing the model in CATIA, the model was constructed with materials
such as birch wood and screws. The physically constructed building model with a flat roof
can be seen in Figure 3 below.

Click here to enter text.

8

Figure 3: Built Flat Roof Building Model
3.2.2 Roof with solar panel arrays
The second roof style chosen for this project was a flat roof with solar panel arrays. The
model was first designed with the help of the software CATIA, which can be seen in Figure
4 below. The 3D modeling allowed for a determination of appropriate dimensions for solar
panel placements in addition to performed calculations. The constructed roof with solar
panel arrays can be seen in Figure 5.

Figures 4 and 5: CATIA Roof with Solar Panel Arrays and Built Roof with Solar Panel Arrays

Click here to enter text.
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3.3 Controls
A wind tunnel is a tool used in aerodynamic research to study the effects of air moving past solid
objects. Air is made to move past the object by a powerful fan or other means. The test object, in
this case the residential building model, is instrumented with suitable sensors to measure
aerodynamic forces and pressure distributions. The sensors are then programmed to an electronic
platform.
3.3.1 Pressure Transducers
The sensors fitted in the building model are pressure transducers. The pressure transducers
that were purchased can be seen at different angles in Figure 6 and 7. Smaller sized
transducers allow for a more accurate reading, lightweight, and make it convenient to
install. Air is not the only application for these transducers; oil, fuel, diesel, gas, and water
can also be tested in these pressure transducers. They also have a surge voltage protection
function.

Figures 6 and 7: Side and Top Views of a Pressure Transducer

Click here to enter text.
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3.3.2 Arduino Boards
Arduino UNO boards were the electronic platform mentioned above. The Arduino boards
used during testing are shown in Figure 8. Arduino UNO is an open-source microcontroller
board and is used to collect inputs and turn them into outputs. The board was chosen
because it is equipped with easy to use hardware and software.

Figure 8: Arduino UNO Board
3.4 Methods
The model will be tested in the wind tunnel for two different cases:
Case 1: Flat roof
Case 2: Flat roof with 4 rows of solar panel arrays
Each of these cases will be tested with the front of the building positioned at 0° and 45° relative to
the incoming flow. The data collected for each test will include the aerodynamic forces, such as
lift and drag, pressure gradient, and skin friction analysis.

Click here to enter text.
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3.4.1 Pressure Measurement
In order to read the pressure at various points of the model, several 1/16th inch holes were
drilled in the sides of the model and on each of the two roofs. The locations of these points
are indicated in Figure 9 below. A small aluminum capillary tube was glued into each of
these and a total of 8 tubes were connected on the inside of the model as shown in Figure
10 Each of these tubes were labeled and fed through the bottom of the wind tunnel test
platform to the pressure transducer. For each test, average pressure would be recorded from
each of these points to create a pressure gradient for the building.

Figures 9 & 10: Pressure Tap Locations and Installed Pressure Taps
3.4.2 Force Measurement
The lift and drag force for each test were to be obtained using the force balance in the wind
tunnel. The model was bolted directly to the wind tunnel test platform, as can be seen in
Figure 10 above and Figures 11 and 12 below. The aerodynamic force data for Case 1 and
Case 2 were to be compared with emphasis on the drag force.

Click here to enter text.
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Figure 11: Bolts in the bottom of the wind tunnel

Figure 12: Model Fixed in Wind Tunnel

3.4.3 Skin Friction Analysis
The skin friction analysis was to be performed by painting the surface of the roof with
Mylar or spray paint and photographing the top surface during the wind tunnel test. These
pictures will then be analyzed to determine the change in skin friction forces between each
case.

Click here to enter text.

13

3.5 Results
Due to the unprecedented situation with Covid-19, which developed globally starting January 2020
and caused the closures of WMU facilities in March 2020, the project was not able to reach the
stage of experimental wind tunnel testing.
The following tests are planned to be performed for the completion of the project:


Test 1: Building with flat roof, 0 degrees’ orientation



Test 2: Building with flat roof, 45 degrees’ orientation



Test 3: Building with solar panel on roof – Case 1 Orientation [40 degrees’ inclination, 0
degree building rotation, facing wind stream directly]



Test 4: Building with solar panel on roof – Case 1 Orientation [40 degrees’ inclination, 45
degrees building rotation]

Each test is planned to be conducted for a duration of 15 minutes with a wind tunnel speed of 100
mph. The time can be adjusted based on wind tunnel time availability.
3.5.1

Expectations

The purpose of the testing of two different roof styles is to understand the effect which the
strong wind can cause on different types of roof setups. The solar panels which are added
onto a flat roof are an additional structure which can have significant effect on the stability
of a building and especially the roof. It either can provide additional support to the roof
which could slow down the building destruction due to the strong winds or cause a more
rapid damage to the building.
The drag force experienced on the flat roof model at 0-degrees orientation is expected to
be similar to the values found in section 2.2.1. The drag force should be slightly lower for
Click here to enter text.
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the model at 45-degrees as the coefficient of drag is lowered when in this orientation [3].
When the solar panels are added to the flat roof, it is expected that the drag force will
increase some amount at both 0 and 45-degrees orientation.
The experiments performed by Aly, Chokwitthaya, & Poche (2017), Qiu, San, & Zhao
(2019) and Xin, Jeimin & Changke (2019) on aerodynamic features on flat roofs were
reviewed in order to speculate possible experimental results. Based on the work and results
of these studies it is expected that this model would have similar pressure distribution to
that seen in Figure 13 for Case 1 at 0 and 45-degrees. It is also expected for Case 2, that
the pressure will be highest at the leading edge of the roof and lower at the trailing edge. It
is unclear how this will compare to the rooftop pressure for Case 1 [8, 9, & 10].

Figure 13: Pressure Distribution Results: Building with Flat Edge. (a) 0° (b) 45° [10]
As there are only seven pressure tap locations for the flat roof model, the skin friction test
would give a more detailed image of the flow conditions on the roof. The skin friction
analysis should show evidence of vortices formed at the building edges, and more
prominently in the 45-degree orientation [9]. These cortices are illustrated in Figure 14.

Click here to enter text.
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Figure 14: Vortex Formation Illustration [9].
Successful completion of the testing phase is necessary to confirm these hypothesized
results. Case 2 tests will give insight on how the addition of a solar panel array will affect
the conditions.

4. Analysis
4.1 Stress
4.1.1 Material Selection
During the beginning phase of the project, it was determined that acrylic material can be
used to 3D-print the building model in addition to printing the solar panels using plastic.
Wood was another option which was considered. However, concerns were expressed as
some types of wood could be not strong enough to withstand the high force inside the wind
tunnel. After performing research, time and cost analysis, as well as consulting with

Click here to enter text.
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experts, it was decided to use a strong plywood as the main material for the building model.
Birch wood was chosen due to its strength, and an emphasis on the thickness of the wood
was made while choosing the appropriate type.
4.1.2 Safety Factors
The model needed to be assembled with accuracy and secured with several screws to not
cause any damage under the application of the strong wind force in the wind tunnel.
Additionally, solar panel arrays were secured with screws on the top of the roof. The whole
building model was attached to the wind tunnel fixture and fastened with additional screws
as shown in Figure 11.
4.2 Cost
The materials which were purchased for the execution of this project are the following:


Birch wood, 2 sheets - $27 each



Plywood, 2 sheets - $18 each



Screws, 2 types - $5 each



Glue - $10



Pressure transducer, 11 - $20 each



Arduino board, 2 - $25 each

Due to several trials performed while determining the best type of wood, additional material was
purchased to ensure a safe and stable model as the outcome. Funding, which covered the costs,
was granted by the WMU Research and Creative Scholarship Excellence award.

Click here to enter text.
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5. Facilities
5.1 Needs and Availabilities
The Western Michigan University Applied Aerodynamics Laboratory was the main facility used
for this project. Access to the wind tunnel was essential as the main point of the project was to test
building safety in strong winds. As several groups demanded the use of the wind tunnel for their
projects, a schedule was set up during the Spring 2020 semester. Access to the laboratory is
restricted. Times were discussed with professors and appropriate graduate students for supervision
during certain time periods.
Access to the Ergonomics Laboratory and the Students Projects Lab were also required. These labs
were equipped with the proper tools needed to cut, drill, and assemble the 3D model of the
residential building.
5.2 Instrumentation/Equipment
Pressure transducers and Arduino boards were used to take measurements in the wind tunnel and
can be seen in Figures 6 through 8 in section 3.3.
The pressure taps were programmed by the aerospace engineering PhD student, David Moussa
Salazar, to use with the instrumentation software LabVIEW.
Miter saws were needed in the Ergonomics Laboratory to cut the wood for the building model. A
drill press out of the Student Projects Lab was used to determine the location and depth of each
hole used for the screws and pressure taps. Hand drills were then used to assemble the wood pieces
together for the final product.

Click here to enter text.
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5.3 Computers/Software
The Applied Aerodynamics Laboratory had computers that the group could use. The computers
were already set up next to the wind tunnel for easy access. The instrumentation software
LabVIEW was already installed on the computer as well. This software communicated with the
Arduino boards that were purchased.
CATIA, a computer-aided design software, was accessed through the College of Engineering and
Applied Sciences computer laboratory. The residential building model was designed in CATIA
along with the flat roof. The solar panels were separately designed and saved as an STL file to be
used in the 3D printer.
The software Matlab, which allows numerical analysis and modeling, was used to determine
aerodynamic parameters such as the Reynold’s number for the given characteristics.
6. Conclusion
Due to the increase in occurrence of strong winds globally, it is important to minimize the damages
caused by such natural events. Residential buildings, in particular, and its residents are at risk.
Additionally, as there has been a recent trend to expand the number of functions of a traditional
building roof, the use of roofs for solar thermal and/or solar energy has increased drastically in the
last decade. This project focused on conducting wind tunnel testing to replicate sustained winds
on a residential building. An emphasis was made on the roof which is an important element in the
structure of a home while assuming two roof styles – a flat roof and a roof with solar panels.

Click here to enter text.
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Appendix A: Calculations

Reynold’s Number:
𝑅𝑒 =

𝑣∗𝑙∗𝜌
𝑣∗𝑙
=
𝜇
𝜈

Dynamic Pressure:
𝑞 = 0.5 ∗ 𝜌 ∗ 𝑣 2
Drag Force (method 1):
𝐷 = 𝑞 ∗ 𝐴,

where A is the cross-sectional area

Drag Force (method 2):
𝐷 = 0.5 ∗ 𝐶𝐷 ∗ 𝑆 ∗ 𝜌 ∗ 𝑣^2,

where S is the reference area

Building size scaling:

1

20 𝑓𝑡 = 240 𝑖𝑛;

240 𝑖𝑛 ∗ 24 = 10 𝑖𝑛;

10 𝑓𝑡 = 120 𝑖𝑛;

1

120 𝑖𝑛 ∗ 24 = 5 𝑖𝑛

Solar panel size scaling:

65 𝑖𝑛 ∗

1
= 2.71 𝑖𝑛 − 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 1 𝑠𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
24

39 𝑖𝑛 ∗

1
= 1.625 − 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 1 𝑠𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
24
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Appendix B: Cost Analysis
The materials which were purchased for the execution of this project are the following:


Birch wood, 2 sheets - $27 each



Plywood, 2 sheets - $18 each



Screws, 2 types - $5



Glue - $10



Pressure transducer, 11 - $20 each



Arduino board, 2 - $25 each
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Appendix C: Resumes
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Appendix D: ABET Criteria
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